The phytohormone auxin (indole-3-acetic acid; IAA) is a primary plant signaling molecule that directs multiple developmental and environmental responses via directional cell-to-cell transport. Auxin gradients initiated between cells by biosynthesis, long-distance transport and small molecule gradients are 'canalized' by polarized PINFORMED (PIN) carrier proteins at the plasma membrane to drive developmental and tropic responses. Studies of dynamic PIN recycling mechanisms mediated by brefeldin A (BFA)-sensitive ARF-GEFs (ADP-ribosylation factor-guanine nucleotide exchange factors) and endocytosis of clathrin-coated vesicles (CCVs) have redefined models of plant membrane protein trafficking through endosomal compartments associated with the trans-Golgi network. Auxin itself has also been shown to inhibit clathrin-mediated endocytosis of PINs [1] . A recent study in PLoS Biology [2] and two studies reported in this issue of Current Biology from Lin et al. [3] and Chen et al. [4] demonstrate that auxin-dependent regulation of PIN endocytosis is effected via the plant ROP (Rho guanidine triphosphate hydrolases of plants) family of Rho-like GTPases and their associated RICs (ROP interactive CRIB motif-containing proteins), which function in stabilization of actin cytoskeletal filaments. Further, these studies clearly implicate the putative auxin receptor Auxin Binding Protein1 (ABP1) in the process.
ROP-RIC Regulation of Endocytosis in Leaf Pavement Cells
Constitutively active (GTP-bound) ROP resides at the plasma membrane, while constitutively inactive (GDP-bound) ROP is intracellular [5] . Rates of ROP endocytosis correlate with ROP-GEF (ROP-guanine nucleotide exchange factor) and ROP-GAP (ROP-GTPase-activating protein) activities in associated actin patches (Figure 1 ). GTP-bound ROPs can activate or inactivate RIC activity, which alters cytoskeletal organization, particularly cortical F-actin microfilament bundling and actin-mediated CCV endocytosis.
Nagawa et al. [2] show that auxin regulates the development of leaf pavement cell lobing to produce the jigsaw puzzle appearance of the leaf adaxial surface by inhibiting PIN endocytotic processes mediated by ROP-RIC interactions. Auxin treatment was shown to activate ROP2-RIC4 and ROP6-RIC1 in pavement cells to produce the asymmetric cell shapes [6] . Nagawa et al. [2] used constitutively active (CA) and constitutively inactive/ dominant negative (DN) ROP2 to investigate the role of ROP2 activity in the localization of PIN1 transiently overexpressed in Arabidopsis and tobacco leaf pavement cells. CA-ROP2 inhibited PIN1 endocytosis, and DN-ROP2 enhanced PIN1 endocytosis to RabF2b/Rab5/ARA7 small GTPase-positive endosomes. Nagawa et al. [2] showed that overexpression of the clathrin-binding carboxyl terminus of the adaptor protein AP180 titrates out the clathrin available to form CCVs for internalization to produce a dominant negative effect. When the clathrin-binding motif was overexpressed in conjunction with DN-ROP2, PIN1 endocytosis was no longer enhanced. Thus, ROP2-RIC4 interactions result in fine F-actin polymerization to inhibit CCV internalization, and therefore PIN1 endocytosis.
Nagawa et al. [2] also showed that auxin treatment inhibits endocytosis in wild-type pavement cells, as the styryl dye FM1-43 did not accumulate in intracellular compartments after BFA was used to inhibit secretion of proteins to the plasma membrane ( Figure 1 ). However, FM1-43 did accumulate in ROP2/4 knockdown/ knockout and ric4 lines, and did not accumulate in CA-ROP2 and RIC4 overexpressor lines after auxin and BFA treatments. Similarly, auxin treatment inhibited PIN1 endocytosis in wild-type pavement cells and, therefore, PIN1 did not accumulate after BFA treatment. However, PIN1 internalizations were observed in ROP2/4 knockdown/knockout and ric4 lines in the presence of auxin and BFA. When CA-ROP2 was expressed in these loss-of-function lines, PIN1 internalization was not observed, which supports that ROP2 mediates auxin inhibition of endocytosis. The BFA treatment results from these experiments support the notion that there is ROP2 and ARF1 (ADPribosylation factor) cross-talk in the recycling/early endosome/trans-Golgi network during secretion, endocytosis and dynamic cycling.
ROP2 activation of actin bundling is only part of the story. While ROP2 activates RIC4 to induce cortical actin microfilament assembly, ROP2 inactivates RIC1, which stimulates cortical microtubule organization [7] . The authors conclude that ROP2 activates RIC4-mediated CCV formation and fine F-actin polymerization to reduce PIN1 endocytosis and produce the characteristic fine interdigitations of these cells. Since pin1 pavement cells retain a small amount of lobing [6] , it is possible that auxin gradients that are PIN1-independent contribute to this phenomenon, especially as PIN1 expression is weak in the leaf epidermis except at the margins [8] .
ROP-RIC Regulation of PIN2 Endocytosis in Roots
Two new papers in this issue of Current Biology show that ROP6-RIC1 regulate PIN2 cycling at the plasma membrane in Arabidopsis roots [3, 4] . The ROP-GEF SPK1 was identified in a suppressor screen of ROP6 overexpressors [5] . Increased PIN2 internalizations were observed in spk1 mutants resulting in a pin2-like gravitropic phenotype, and rop6 loss-of-function mutants resembled spk1 mutants. BFA treatment (which inhibits the ARF-GEF GNOM) increased PIN2 internalizations in spk1, rop6, and ric1, while ROP6 or RIC1 overexpression and CA-ROP6 showed the opposite effect [3, 4] . Therefore, GTPases and their effectors mediate PIN endocytosis via the cytoskeleton, and these results are consistent with the results shown for pavement cells [2] . This was further supported by pharmacological inhibition of actin depolymerization via latrunculin B, which caused more PIN2 internalization, while actin stabilization via ROP activity showed reduced PIN2 internalizations with BFA treatment [3] . Therefore, ROP6-RIC1 inhibits PIN2 endocytosis via actin filament stabilization. It will be interesting to see if auxin gradient-regulating plasma membrane proteins such as plasma membrane H+ ATPases that indirectly activate the PIN auxin transporters are also regulated by this mechanism. Other factors, such as ubiquitination, are also involved in PIN2 endocytosis and dynamic recycling to the plasma membrane [9] .
In roots, auxin exerts similar inhibition of ROP-mediated endocytosis. Increased active GTP-ROP6 is observed after auxin treatment, but the increase is not observed in spk1 [5] . As seen with PIN1, auxin inhibits PIN2 internalization and aggregation after BFA treatment. However, these BFA-induced aggregations are observed in spk1, rop6 and ric1 mutants after auxin treatment [3, 5] . In addition to the endogenous auxin changes observed following gravistimulation, exogenous auxin treatment also induces ubK63 of PIN2 and therefore limits PIN2 sorting back to the plasma membrane after auxin treatment [9] (Figure 1) .
These results present an intriguing model of how the multiple combinations of ROPs and RICs (with 11 of each) can control cell-type specific events in plants. One example that comes to mind is the ROP2-mediated inactivation of RIC1 in guard cells in contrast to the ROP6-mediated activation of RIC1 in pavement cells and in the root. Subcellular localization of the ROPs also appears to regulate their activity, as the GTP-bound ROP2 is on the plasma membrane and the GDP-bound ROP2 is intracellular [4] . To what extent are these regulatory mechanisms observed in other organisms? Rho-GTPases are required for cell polarization in animals, and polarized growth in epithelial cells ABP1 binds IAA on the apoplastic surface of the plasma membrane where dynamic modeling shows a molecule of water can displace IAA from ABP1 and IAA moves into the plasma membrane. ABP1 remains associated with the plasma membrane via interaction with the GPI-anchored SKU5. As a putative co-receptor, an unknown partner protein may activate SPK1, which then activates GTP-ROP. ROP then activates RIC, which enhances F-actin bundling, which inhibits clathrin-mediated PIN endocytosis. BFA can inhibit PIN recycling back to the plasma membrane from RabF2b-positive early endosome/recycling endosomes. If PIN is ubiquitinated, it is sorted to the late endosome/pre-vacuolar compartment via SNX1, and then to the vacuole. Alternatively or additionally, ABP1 in the lumen of the cortical ER may bind IAA and then initiate the early auxin responses. appears to be dependent on Rho-GTPase inhibition of clathrin-mediated endocytosis [10] . In yeast, the GTP-ROP is on the plasma membrane and GDP-ROP is both soluble and associated with membranes [11] . This clearly is consistent with the role of CCVs in endocytosis in plants and indicates some conservation of Rho-GTPase mechanism across kingdoms.
Auxin Regulation via ROP-RIC Mechanisms Is Downstream of ABP1 An important contribution of these studies is the clarification of how the transported substrate auxin stabilizes plasma membrane proteins. In pavement cell development, PIN1 plasma membrane localization does not appear to be required for initial auxin movement and signaling events, but is required for amplification of lobing. Similarly, in the root, PIN2 abundance increases with auxin treatment or when auxin is redirected to epidermal cells on the lower side of the root by dynamic processes associated with PIN2 [1] . These results imply the presence of a membrane-associated auxin receptor such as ABP1 (Figure 1 ). ABP1 is a non-catalytic, chaperone-like glycoprotein member of the cupin superfamily [12, 13] that was crystalized as a homodimer in the presence of auxin [12] . ABP1 contains a KDEL ER-retention signal, and the majority (as much as 98%) of APB1 is found in the ER. Recent evidence of regulation of auxin metabolism mediated by ER-resident 'short' PINs [14, 15] and PILS proteins [16] supports an auxin chaperone role for ABP1 in the ER, where there is apparently sufficient pH heterogeneity to support both ABP1 binding to auxin and chemiosmotic movement of auxin [14] .
The small amount of ABP1 at the cell surface may also act as an auxin chaperone (K D = 0.48 mM at apoplastic pH). The crystal structure and molecular dynamics of ABP1 indicate that auxin would be shielded from oxidation associated with cell wall cross-linking when bound to ABP1 [17, 18] . As such, cell surface ABP1 could function as an auxin co-receptor [6] that mediates rapid auxin preception and ion flux events that are independent of the transcriptional events mediated by the AUX/ IAA-SCF TIR1/AFB co-receptor system.
The recent results described here indicate that ABP1 mediates auxin activation of both the ROP2-RIC4 and ROP6-RIC1 pathways. ABP1-dependent auxin activation of ROP activity occurs within 30 seconds [6] , and ABP1 appears to inhibit clathrin-mediated endocytosis of PIN1 via ROP-RIC regulation [19] . Chen et al. [4] show that PIN2 internalization to BFA-induced aggregations in rop6 and ric1 when ABP1 has been knocked down is similar to what is seen in rop6 and ric1 alone. The relative amounts of PIN2 signal in 'BFA bodies' compared to the PIN2 signal on the plasma membrane in each single or combinatorial mutant background are statistically similar. It appears that the mutations are epistatic since they present the same phenotype as a single rop or ric mutant. It remains to be seen whether ABP1 regulates only PIN trafficking, as CCV formation and actin polymerization are processes that impact a wide range of membrane proteins. It appears likely that ABP1 interactions with ROP-RIC signaling will regulate many of the rapid auxin signal transduction processes that have been shown to be independent of AUX/IAA-SCF TIR1/AFB signaling as well as many that have eluded characterization.
